The public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, gathering and maintaining the data needed, and completing and reviewing the collection of information. Research focused on the first two of the defined science goals related to characterization and understanding of turbulence sources, instability dynamics, and influences in multi-scale stable boundary layer (SBL) flows. During this time, we achieved major successes in both the numerical and the observational components of this study. The scientific motivations for our overall research program are described in Section 2. Sections 3 and 4 describe in greater detail the results obtained and their implications for SBL dynamics and further research foci. 
Overview
This report describes research performed under the ARO contract cited above during its first 17 months. The contract was terminated early in order to migrate the funding elsewhere.
Our efforts during this first ~40% of the proposed research focused on the first two of the defined science goals related to characterization and understanding of turbulence sources, instability dynamics, and influences in multi-scale stable boundary layer (SBL) flows. During this time, we achieved major successes in both the numerical and the observational components of this study. The scientific motivations for our overall research program are described in Section 2. Sections 3 and 4 describe in greater detail the results obtained and their implications for SBL dynamics and further research foci.
Science Motivation and Goals
Measurements performed during the CASES-99 field program and more recently demonstrated that the stable boundary layer (SBL) and the residual layer (RL) exhibit a wide range of dynamics on multiple scales. In particular, very high-resolution vertical profiling of winds and temperature has revealed that small-scale structure and turbulence are virtually always present. The sources and persistence of turbulence in stable or very stable atmospheric boundary layers have proven challenging to characterize because of the small scales and the very highprecision measurements required. Yet they are also critical to an improved understanding of SBL dynamics and their implications for transport of heat, momentum, and constituents, dispersion of plumes or contaminants, and the parameterization of these processes in large-scale, mesoscale, and numerical weather prediction (NWP) models, to cite a few examples.
Understanding state-of-the-art measurements in the SBL and RL is challenging because single-point measurements of any type often cannot distinguish spatial and temporal variations. Even with multiple such measurements, it is difficult to define all of the relevant spatial and temporal scales, to characterize the larger-scale environment fully, and to interpret observations unambiguously. But with multiple such measurements, coupled with suitable models of these SBL and RL dynamics providing a context within which to interpret the measurements, significant advances in understanding SBL and RL dynamics, mixing, and transport are likely. Indeed, there is considerable synergism between 1) measurements able to define SBL and RL temperature, wind, and turbulence profiles with high resolution and precision at multiple sites and 2) high-resolution direct numerical simulations (DNS) able to describe the larger-scale dynamics and their implications for instability and turbulence at smaller scales. This synergism provides a unique opportunity to advance our understanding of SBL and RL dynamics.
Specific goals of our SBL and RL research employing our combined measurement and modeling capabilities included the following: 1) characterization of the tendency for instability and turbulence in general multi-scale SBL and RL flows, and their respective time scales, 2) understanding the instability dynamics that drive large-and small-scale turbulence, their scales, and their dependence on multi-scale environmental parameters, 3) implications of these instability dynamics for mixing, dispersion, SBL and RL evolution, and subsequent instabilities and turbulence, and 4) testing, and guidance for improving, parameterizations of the effects of these dynamical processes in large-scale models.
3.
Research Progress in SBL Measurements During this research effort, we incorporated numerous design changes, new instrumentation, and telemetry enhancements into our measurement systems. Collectively, these efforts resulted in greatly improved capabilities for high-resolution profiling of the SBL and RL. Improvements in our current airborne platform, the DataHawk (formerly Stryker), have been significant and include:
• Improved attitude and roll stability • Ground temperature sensor for BL thermal correlations • accurate in-flight temperature calibration with very linear response (thermistor/cold wire) • Humidity sensing that works very well • Completely autonomous operation, launch to landing • Broadband (cold-wire) turbulence (C T 2 ) measurement capability with ~few m resolution
• Extended-range telemetry capability to altitudes of 9 km • Development of a triple failsafe abort capability for flight safety • A balloon-launch capability for higher-altitude studies • Developed a 2-sceen capability for simultaneous flight monitoring & scientific evaluation Based on these improvements, we progressed significantly and performed several field measurement programs. Following test campaigns in Boulder, we made a series of measurements at the Smoky Hill Air National Guard (ANG) site near Salinas, KS, and at two separate sites in Peru (at no travel costs to this grant). Although additional plans were in place to operate at the Army's Dugway Proving Grounds (DPG) in Nevada, the required supplemental ARO funding was unavailable. As we will discuss briefly below, the Peru site also had a number of significant advantages for possible future expanded operations (see discussion below).
At this stage, the basic operating mode of the DataHawk is to autonomously spiral upwards/downwards in circles (diameters of a few hundred meters) with ascent/descent rates anywhere between ± a few m/s, including flying at a constant height. While other modes are equally possible, the data set from the spiral (helical) modes alone has proven to be more than sufficient for these initial measurements. As mentioned above, launch and landing are autonomous. Launch, which is accomplished using a Bungee-like launch platform, is initiated by computer command via telemetry (2.4 GHz). Because of its Styrofoam construction, pusher propeller, and imbedded instrumentation, the DataHawk is remarkably rugged and can land virtually anywhere. The normal landing site is near the launch pad. Typical battery life is around 40 minutes, with battery change made easily following landing.
The two flight patterns employed consist of 1) ascending and descending at a constant rate while flying in circles or 2) flying to a specified height(s) and remaining there while making a series of constant altitude circles. As shown below, both modes provide unique data sets. Two-way telemetry enables both 1) monitoring and modifying the flight plan during the fl ight, and 2) viewing the down-linked data and flight information ' on-line'. We also improved the telemetry link by incorporating high-gain, circularly-polarized, ground-based antennas. As a result, the DataHawk operating range has been extended to well over 10 km.
Examples of the capabilities, along with a preliminary, conclusions following paragraphs. new measurement few tantalizing, albeit are shown m the Figure 1 shows examples of 1) a constant rate ascent/descent mode and 2) a constant height mode (various heights) that can be preprogrammed or altered during fight. Figure 2 shows a plan view of circular flight patterns. Note the accuracy of the ascent descent mode, the constancy of the fixed height mode, and the repeatability of the circle patterns. Figure 3 shows an example of a highresolution temperature profile from the surface to 1300 m. This profile illustrates the steep temperature inversion routinely found at Paracas (see below). Note the maximum height of 1300 m. 
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Examples of DataHawk Measurem ents 3.2.a. Temperature Profiles
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3.2.b. Wind Measurements
Wind speed and direction determined from ascending helical circles ( Figure 4 ) measured simultaneously with the steep temperature gradient (Figure 3 ) show pronounced variations in the region of the steep gradient. While these measurements provide reasonable ~100 m resolution of the wind field, we anticipate also developing much higher resolution measurements of horizontal winds during the next year. Figure 5 illustrates the capability of the DataHawk to resolve gravity wave (GW) temperature structures in narrow height ranges. Note the clear periodic nature of the GWs. These features are especially apparent in the steep temperature inversion, with very little evidence for such outside. Figure 6 shows the first C T 2 profile obtained during the DataHawk test flights at Paracas, Peru. These reveal the enormous potential for this measurement technique with the high sensitivity to small magnitudes at the higher altitudes. Figure 7 shows the results of an analysis of highbandwidth temperature fluctuations made mid-morning at the Smoky Hill site. In this case the DataHawk was flying in constant-height circles in the same location for many tens of minutes. Note the sporadic nature of the JRO is the site of a well-known atmosphere-ionosphere observatory containing the world's largest antenna, along with a number of additional atmospheric radars. Relative to existing sites in the U.S., the two Peruvian locations provide significant advantages for the specific SBL and RL studies relevant to our ARO funding. These are listed below.
3.2.c Wave-like fluctuations in a steep thermal gradient
3.2.d. Potential high-resolution measurements of C T 2
3.2.e. Potential high-resolution studies of thermals
3.3.a. Paracas
Paracas provides the following attributes and advantages relative to Smoky Hill and/or DPG:
• No site costs (compare with Smoky Hill @ $3k/2 days; DPG @ $1 Ok/campaign)
• • •
Virtually constant acceptable weather conditions (no rain, no storms, no winter) Ideal, predictable, perennial wind conditions (minimal nighttime and morning w inds) Very cooperative, essentially ' on-line', arrangements with the local FAA (CORP AC)
• The existence of a semi-permanent, very steep temperature gradient topping the ABL that arises from the combination of the cold Pacific ocean and the warm tropical atmosphere.
3.3.b. JRO
Advantages for JRO are essentially ident ical to those for Paracas, except that the temperature gradient is somewhat less steep, and the wind conditions a bit more variable. An additional JRO feature lies w ith the existence of the radar facility and the associated radar expertise. Moreover, the over-arching Peruvian Geophysical Institute (IGP) now operates a boundary layer radar (BLR) in nmthern Peru, and we are discussing the possibility of transferring it to JRO specifically for cooperative studies w ith our DataHawk measurement capabilities. With these advantages, and considering the presence of the nearly permanent temperature gradient topping the ABL 24 hr/day, it is clear that Paracas and JRO provide ideal and unique laboratories for ongoing ABL high-resolution research. Data from our most recent measurement program demonstrating the synergism between our in situ measurements and the JRO SOUSY radar are shown in Figure 8 . These reveal, as seen in other lower-resolution measurements, that T' variance and Cl correlate very well with highly stable, layers rather than the more nearly neutrally-stable layers that appear to have evolved from previous turbulence events. 4.
Research Progress in Modeling 4.1.
Linear fine structure We performed an initial suite of DNS of multi-scale interactions that we believe illustrate a range of SBL dynamics containing residual fine structure (FS) in the wind field due to previous mixing events and larger-scale gravity waves (GWs) which interact and mutually deform each other. Initial studies included two sinusoidal FS shear magnitudes ( Uz = d U/dz = 2N and 1.4N, with U and N the local FS wind and buoyancy frequency), two FS spatial scales relative to the larger-scale GW (5 and 10 times the GW vertical wavenumber, m), and both streamwise and spanwise (along and across the streamwise plane of GW propagation) FS orientation. These initial studies reveal remarkable sensitivity of SBL large-scale and turbulence evolutions to the details and intensities of the initial flow structures and orientations.
To illustrate the strong influences of FS orientation, we compare in The two evolutions with larger shears also differ dramatically and provide valuable insights into the dynamics that control SBL (Figure 10 , bottom panels) is seen to exhibit strong large-scale interactions (with large GW amplitude reductions), but relatively weak and large-scale turbulence that never becomes quasiisotropic. The DNS with spanwise FS (Figure 10 , top panels) is seen instead to exhibit weak large-scale interactions (very weak GW amplitude reductions), but very strong turbulence extending to very small scales. These results suggest that the source of additional quasi-2D large-scale modes in the streamwise FS case is the initial GW-FS interaction, while the source of enhanced turbulence in the spanwise FS case is the initial FS structure itself undergoing deformation by the GW. The reasons for these significant differences in the two flow evolutions can be understood qualitatively by the relative alignments of the FS shears. In the case of stream wise FS alignment (and spanwise FS vorticity, top panel), the large-scale GW contributes only weak additive changes and advection of the FS vorticity. In contrast, spanwise FS (and streamwise FS vorticity) enables the GW to stretch the FS vorticity, thus intensifying FS shears to a much greater degree than for streamwise FS.
When FS shears are stronger, as is often observed, more vigorous instabilities and turbulence events can arise. To examine such influences, two DNS as described above, but with FS shears of Uz = 2N, were also performed, and the 2D streamwise-vettical cross sections of the vorticity magnitude fields are displayed at t = 7.5 Tb in Figure 11 . These DNS exhibit the same tendencies as discussed above, but now include more intense turbulence in both cases. Figure 9 , but with FS shears of Uz = 2N and t = 7.5 Tb. Note that in the ;treamwise FS case (left) both large-scale motions and quasi-isotropic turbulence arise from the nulti-scale interactions, whereas the spanwise FS case (right) continues to exhibit more intense ;mall-scale turbulence.
We also illustrate the mechanical energy and thermal dissipation rates(£ and X) fields for the DNS shown at left in Figme 11 at t = 5,5, 7.5, 9.5, and 11.5 Tb in Figure 12 . The dissipation fields will be especially valuable in comparing with our in situ measurements of turbulence parameters in order to constra in our futme DNS to observed SBL and RL parameters. Note that the stronger SBL dynamics seen in Figure 12 suggest continuing generation of small-scale Figure 12. Mechanical energy dissipation rate(£, top panels) and thermal dissipation rate (X, bottom panels) at t = 5.5, 7.5, 9.5, and 11.5 Tb in the DNS with streamwise FS with shear magnitude Uz = 2N. Both fie lds are shown with log scales.
turbulence throughout the evolution, as is often seen in SBL and RL measurements. There is a strong correlation between strong small-scale vorticity (see the left panel of Figure 11 ) and large mechanical energy dissipation, as expected in strong turbulence. However, where turbulence mixes the fluid efficiently (and is often most intense) thermal dissipation is weak (compare the upper and lower panels of Figure 12 ). This has important implications for measurements addressing temperature FS and estimates of turbulence intensities. It also makes high sensitivity especially important in these measurements. In general applications, lack of sensitivity to temperature FS can cause large errors in assessing these dynamics with both in situ and radar measurements. Related simulations, but for somewhat weaker FS shears were also performed and were found, as expected, to yield weaker instability events that contributed much less vigorously to the overall dynamics. In these cases, it appears that significantly larger Re would be needed to trigger significant turbulence FS at even smaller scales.
Rotary fine structure
While we learned a great deal about the competitive tendencies between instability and nonlinear wave-wave interactions in our initial multi-scale simulations having linear FS shears, such shears throughout the atmosphere are very often associated with inertia-gravity waves (IGWs) that have a rotary velocity structure in which the horizontal velocities describe an ellipse (in time and space) with the major axis along the direction of propagation and a corresponding temperature perturbation in phase or anti-phase with the smaller velocity component.
Given this, our next steps towards realism in our numerical studies were to perform four additional simulations having differing IGW major shear magnitudes and orthogonal major-axis alignments. In each case, we chose the larger major-axis shear to be the same as for the results displayed in Figures 9 to 12 above.
These revealed additional interesting, and very surprising, results. Because we had increased overall FS shear variance relative to either of the simulations discussed at length above, we had anticipated that the tendency towards instability at the smallest scales would be even further accelerated. What was found was exactly the opposite. Our initial conclusion was that the rotary nature of the FS shear actually suppressed the dominant previous instability, yielding a later, but then stronger turbulence transition once it was initiated. This will need to be confirmed with a more detailed stability analysis, but the differing results are apparent in Figure 13 , which shows the two previous linear FS results discussed above (with spanwise and streamwise FS shears at left and right) and the rotary FS case having equal component FS shears in the center column.
Referring to Figure 13 , we note the following: 1. the rotary case exhibits delayed instability dynamics compared to either linear FS case, despite its larger reservoir of FS shear variance (by 2 times), 2. the larger-scale dynamics appear very similar between the rotary and streamwise FS cases through the two evolutions, apparently exhibiting similar wave-wave interactions, 3. the rotary FS shear case appears to exhibit somewhat stronger turbulence at intermediate stages (t = 9 and 10.5 T b ) than the streamwise linear FS case, 4. the rotary and streamwise linear FS cases exhibit an approximate convergence of largerscale dynamics and turbulence occurrence at later times, and 5. neither the rotary nor the streamwise FS shear cases exhibit any remote similarity to the spanwise FS shear case, despite the much stronger spanwise FS shear dynamics seen to occur when only this FS component was possible (left column of Figure 13 ). To explore these differences in another manner, we display the evolutions of the initial GW amplitudes and the total turbulence energies for these three cases in Figure 14 . These reveal clear 
Stream wise
similarities between the rotary and streamwise linear FS shear cases (red and green, respectively), and their obvious departures from the spanwise FS shear case (black). The former two exhibit relatively dramatic initial GW amplitude decreases accompanying strong wave-wave interactions that account for the streamwise modulation of the vorticity fields shown in Figure  13 , especially at intermediate times (~30%, implying a loss of ~50% of the initial GW energy). The case with spanwise linear FS shear, in contrast, exhibits a very small GW amplitude decrease, but dramatically larger turbulence energies. Together, these results establish clearly that multi-scale interactions depend critically on the details of the superposed flows.
Research Progress Comparing Measurements and Modeling
The major opportunity for quantitative comparisons of measurements and modeling results in the research described here was through energy dissipation statistics, for which theory predicts log-normal distributions for epsilon arising from stationary, homogeneous, isotropic turbulence. This proved to be very promising, with both measurements and modeling exhibiting apparent superposed log-normal distributions having differing means and widths that evolve separately in time. A few examples of these statistics measured during CASES-99 with the TLS are shown in Figure 15 . Note the multiple peaks in most panels suggestive of separate turbulence "events" within these data sets. Similar ! distributions are observed in our DNS studies. Examples from the simulation shown at top in Figure 12 and at right in Figure 13 are displayed in Figure 16 for subsets comprising 1/10 th of the vertical domain at times spanning those shown in Figure 13 separated by 1 T b . As in the observations, there are many cases in which there appear to be multiple peaks, which we anticipate are signatures of separate events.
While in its infancy, we are excited about the prospects for more quantitative studies going forward and expect that such studies will yield significant insights. To facilitate that further, we have enabled a particle-tracking capability in the DNS code that will enable use to "seed" specific events at their onset and observe both the dispersion of individual events and the evolutions of the dissipation fields with time. 7. Summary Our research under this ARO funding has enabled major advances in our understanding of SBL dynamics and turbulence statistics, from both measurement and modeling perspectives. It has specifically addressed the implications of multi-scale interactions, their diversity, and their dependence on initial conditions; it has contributed entirely new measurement capabilities for critical SBL flow characterization; it has demonstrated dramatic, new numerical simulation capabilities, and it has provided tantalizing indications that we are able to measure and model the same phenomena, specifically individual turbulence events at high Re and the dissipation statistics of various levels of SBL turbulence. All of these suggest a potential for very fertile research in these areas in the future. 
